The timescale for the microscopic dynamics of proteins during conformational transitions is set by the intrachain diffusion coefficient, D. Despite the central role of protein misfolding and aggregation in many diseases, it has proven challenging to measure D for these processes because of their heterogeneity. We used single-molecule force spectroscopy to overcome these challenges and determine D for misfolding of the prion protein PrP. Observing directly the misfolding of individual dimers into minimal aggregates, we reconstructed the energy landscape governing nonnative structure formation. Remarkably, rather than displaying multiple pathways, as typically expected for aggregation, PrP dimers were funneled into a thermodynamically stable misfolded state along a single pathway containing several intermediates, one of which blocked native folding. Using Kramers' rate theory, D was found to be 1,000-fold slower for misfolding than for native folding, reflecting local roughening of the misfolding landscape, likely due to increased internal friction. The slow diffusion also led to much longer transit times for barrier crossing, allowing transition paths to be observed directly for the first time to our knowledge. These results open a new window onto the microscopic mechanisms governing protein misfolding.
The timescale for the microscopic dynamics of proteins during conformational transitions is set by the intrachain diffusion coefficient, D. Despite the central role of protein misfolding and aggregation in many diseases, it has proven challenging to measure D for these processes because of their heterogeneity. We used single-molecule force spectroscopy to overcome these challenges and determine D for misfolding of the prion protein PrP. Observing directly the misfolding of individual dimers into minimal aggregates, we reconstructed the energy landscape governing nonnative structure formation. Remarkably, rather than displaying multiple pathways, as typically expected for aggregation, PrP dimers were funneled into a thermodynamically stable misfolded state along a single pathway containing several intermediates, one of which blocked native folding. Using Kramers' rate theory, D was found to be 1,000-fold slower for misfolding than for native folding, reflecting local roughening of the misfolding landscape, likely due to increased internal friction. The slow diffusion also led to much longer transit times for barrier crossing, allowing transition paths to be observed directly for the first time to our knowledge. These results open a new window onto the microscopic mechanisms governing protein misfolding.
intrachain diffusion | protein aggregation | prion protein | optical tweezers | single-molecule force spectroscopy T he formation of intricate 3D structures by proteins is a complex physical process. Such "folding" is typically described in terms of energy landscape theory (1) as a thermally driven diffusive search over an energy landscape in conformational space for the minimum-energy structure. In this picture, whereas the rates at which structural transitions take place are dominated by the presence of energy barriers in the landscape (2) , it is the coefficient of diffusion over the landscape, D, that encapsulates the microscopic dynamics of the protein chain, setting the characteristic timescale for molecular motions. Knowledge of D provides insight into the internal friction in the protein chain as it undergoes conformational fluctuations (3) and sets the ultimate speed limit at which changes in structure can take place (4) .
Given the fundamental importance of the diffusion coefficient in protein folding, there has been much interest in measuring D under different conditions. Conformational diffusion has been studied extensively in peptides and unfolded proteins (5-10), using fluorescence probes such as fluorophore quenching or Förster resonant energy transfer to measure reconfiguration times. Typically, D ∼10 /s have been reported (10) . Because the diffusion coefficient is inversely proportional to friction, measurements of D have been important for investigating the role and origin of internal friction along the folding pathway (6, 9) . Possible links between the value of D and aggregation propensity have also been explored in intrinsically disordered proteins (5) . However, it has proven challenging to measure the diffusion coefficient during barrier crossing via fluorescence, owing to the very brief transition time for barrier crossing (11) .
Recently, an alternate approach using single-molecule force spectroscopy (SMFS), whereby force is applied to induce structural changes in an isolated molecule, has been applied to measure D for barrier crossings (12) (13) (14) (15) . This approach takes advantage of the powerful ability of force spectroscopy to measure energy landscapes by analyzing the statistics of conformational fluctuations (16), using the landscape profile and rates to recover D from Kramers' theory (17) . The ability to probe barrier crossings opens up the exciting possibility of investigating the microscopic differences between native structure formation and what happens when folding goes awry, producing nonnative structures. Such misfolding is a feature of many diseases, with misfolded proteins characteristically aggregating into insoluble amyloid fibers rich in β-sheets (18) . The value of D should be particularly important in misfolding, because the outcome of misfolding and aggregation processes is thought in many cases to be dominated by kinetics (19) . Although in silico studies have begun to probe the energy landscapes for protein misfolding and aggregation (20) , these landscapes have not yet been reconstructed experimentally. A direct comparison between diffusion in native folding and misfolding of the same protein has therefore not yet been made.
An important challenge in studying misfolding and aggregation is that they are typically very heterogeneous processes, involving various transient species along multiple pathways leading to different types of aggregates (21) . Despite recent advances including solving the structures of some native-like aggregation precursor states (22, 23) and small oligomers (24) , a full picture of the sequence of molecular events in aggregation remains elusive. Single-molecule assays are well suited to overcome this challenge, through their ability to distinguish and characterize even transient subpopulations with high sensitivity (25) . Previous studies have investigated phenomena ranging from transient, metastable misfolding events (26) (27) (28) to various stages in the growth of aggregates (29, 30) , but complete misfolding pathways leading to stable misfolded states have not yet been elucidated (25) .
Significance
Structural transitions in proteins are characterized by the coefficient for intrachain diffusion, D, which determines the transition kinetics and reveals microscopic properties of the interactions governing folding. D has been measured for unfolded proteins and for native folding, but never for misfolding and aggregation, despite the importance of kinetics for driving these processes. We used single-molecule force spectroscopy to observe the misfolding of individual prion protein (PrP) molecules into stable, nonnative dimers. By reconstructing the energy landscape for dimer misfolding, we compared D for misfolding of PrP to that for native folding. Diffusion was 1,000-fold slower for misfolding, reflecting significant additional roughness in the energy landscape and confirming quantitatively the long-held hypothesis that misfolding landscapes are rougher than native landscapes. (30) and the dependence of aggregation pathways on metal ions (36), suggesting that the conversion of PrP features several phases starting with dimerization, but detailed pathways were not resolved. SMFS measurements of isolated PrP monomers found that they frequently sampled various misfolded conformations, but they were not thermodynamically stable, consistent with the view that misfolded PrP is stable only within aggregates (27) .
Because the conversion of PrP may start with dimerization (30, 37) , here we have focused on dimers as the smallest form of aggregate. Using optical tweezers to apply tension and thereby unfold and refold single PrP dimers, we found that dimers readily misfold into stable aggregates. A single misfolding pathway was observed and characterized in detail, revealing several exceptional features that set PrP apart from other proteins studied to date. Reconstruction of the energy landscape for dimer misfolding, along with the previously measured landscape for native folding (15) , was then used to make the first comparison of D for native folding versus misfolding in the same protein, showing that diffusion is much slower during misfolding than during native folding.
Results
To study PrP misfolding, two hamster PrP molecules were covalently connected end to end, forming a tandem dimer (Fig. S1 ). Such tandem oligomers have been used previously to study misfolding and aggregation in a variety of proteins (38) (39) (40) , including PrP (41) . Tandem dimers were attached to DNA handles connected to beads held in dual-beam optical tweezers (27) , as illustrated (Fig. 1A) , and the force was ramped up/down to unfold/ refold the molecules repeatedly while measuring their extension, thereby generating force-extension curves (FECs). The folding of two PrP molecules in close contact as tandem dimers was then compared with the folding of isolated monomers.
For isolated monomers, as described previously (27) , the force increased monotonically as the DNA handles were stretched until the protein unfolded in a single step around 10 pN (Fig. 1B , black), creating a characteristic "rip" owing to the abrupt extension increase and concomitant force drop as the unfolded protein stretched out under tension. Refolding FECs retraced the same trajectory (Fig. 1C, red) . The change in contour length during the transitions, ΔL c , found by fitting 4,362 FECs to an extensible worm-like chain (WLC) model using Eq. S1 agreed exactly with the result expected for natively structured PrP (42): 34.3 ± 0.4 nm.
For the dimer, two consecutive rips matching those for monomeric PrP would be expected (Fig. 1C , Inset) if each monomeric domain independently formed PrP C , similar to the behavior typically observed in FECs of native folding in other tandem-repeat proteins (43) (44) (45) (46) (47) (48) . The actual behavior, however, was strikingly different, indicating that neither domain was natively folded. Unfolding FECs (Fig. 1C , black) often displayed one large rip at a force lower than native unfolding (∼8 pN), followed by a shoulderlike region and then a distinctly smaller rip at a force higher than native unfolding (∼13 pN). Refolding FECs retraced the small rip at high force, but not the large rip at lower force, displaying instead a broader shoulder region at 5-10 pN (Fig. 1C, red) . Upon repeated unfolding-refolding cycles (Fig. S2) , two classes of unfolding behavior were observed, denoted type 1 ( Fig. 2A , black) and type 2 ( Fig. 2A, blue) . Type 2 unfolding FECs did not contain the large rip at low force, matching instead the shape of the refolding FECs. None of the curves showed behavior characteristic of natively folded PrP. The total ΔL c for type 2 unfolding was 56 ± 3 nm ( Fig. 2A, blue) , corresponding to ∼170 aa in the misfolded structure, as opposed to 104 for PrP C . In contrast, the total ΔL c for type 1 unfolding was 81 ± 1 nm ( Fig. 2A, black) , corresponding to ∼240 aa, indicating that many of the residues unstructured in PrP C were incorporated into the aggregated structure. Such FECs contain all of the information required to reconstruct the misfolding energy landscape for the dimer. We first determined the sequence of states along the misfolding pathway. Multiple rips in the dimer FECs revealed several metastable intermediates, in contrast to two-state folding for native PrP (27) . All unfolding and refolding FECs showed a discrete rip near 13 pN with ΔL c = 15 ± 1 nm ( Fig. 2A and Fig. S3) ; this state was denoted I D 1 (first dimer intermediate). FECs also contained a shoulder-like deviation from WLC behavior at 5-10 pN, arising from transitions that were fast compared with the rate at which force and extension were measured (14) . Modeling the average curve expected in the shoulder region with Eq. S2, we found that type 1 unfolding curves were well fit assuming one additional intermediate between I D 1 and the fully misfolded state, M D , which we denoted I D 2 (Fig. 2B) . Type 2 unfolding curves required two sequential intermediates to obtain good fits (Fig. 2C) (Fig. S4A) . Very rarely, however, complete sequential refolding from U to M D passing through each of the three intermediates was observed (Fig. S4B) , indicating that all five states are actually on a single folding pathway. The fact that M D was almost never observed directly during refolding suggests that it must form slowly at low force. Supporting this view, the fraction of curves exhibiting type 1 behavior could be increased by increasing the waiting time at low force between successive pulls (Fig. 3A) . All FECs thus represent the same underlying pathway consisting of five sequential states: (Fig. 4A) . Type 1 FECs do not show evidence for I D 3 because it has a lower unfolding force than M D and hence the two states unfold concurrently. Notably, the final step in misfolding (formation of M D ) is much slower than native folding, with a rate of 0.5 s −1 compared with ∼10 4 s −1 for native PrP (15) . After elucidating the steps in the misfolding pathway, the energy landscape underlying the observed behavior was reconstructed from the unfolding forces and kinetics. For U, I D 1, I D 2, and I D 3, the free-energy differences between the states were found from the product of the unfolding forces and extension changes in the quasi-equilibrium transitions, whereas ΔG between M D and I D 3 was found from the ratio of the state occupancies at long delay times. As a consistency check, we also found the total free energy change for complete unfolding by integrating the FECs to obtain the distribution of nonequilibrium work done on the molecule and then applying the Jarzysnki equality (49) to determine the free energy, as described previously (50) . The result, ΔG total = 23 ± 3 kcal/mol, agreed within error with the sum of the free energy changes for the individual transitions, 24 ± 2 kcal/mol. The locations and heights of the barriers between each state were found from the force-dependent unfolding rates (Fig. 3B) , using the kinetic theory of Dudko et al. (51) (Eq. S3). Because discrete unfolding events could not be observed for the rapid transition between I D 2 and I D 1, the properties of the barrier between these states were not quantified. In the case of I D 1, the activation barrier to unfolding was the same within error (1 kcal/mol) as the equilibrium free energy of unfolding ( Table 1 ), implying that there is a minimal barrier to refolding. Such a small barrier for refolding of I D 1 was confirmed by analyzing the refolding lifetimes (52) for the transition from U to I D 1 (Fig. S4C) , which revealed a barrier of only about 1 kcal/mol.
All results from the analysis of the free energy differences and barrier properties (Table 1) were then combined piecewise for the five sequential states observed to reconstruct the energy landscape profile for the dimer misfolding (Fig. 4B) . We note that, from this picture, once M D has formed, the barrier to return to the native structure would be very high, ∼25 kcal/mol, because PrP C could be formed only by passing through the unfolded state.
Finally, the diffusion coefficient implied by the barrier-crossing kinetics and landscape profile was determined for each of the three barriers reconstructed in the landscape, namely the transi- /s. In all cases, errors were found by bootstrapping analysis (SI Methods). We note that D is exponentially sensitive to the barrier height in Kramers' theory analyses (17) . Agreement between the values obtained for the unfolding and refolding of I D 1 is thus a strong test of self-consistency for the analysis, because the barrier heights differ by an order of magnitude between refolding and unfolding. 
Discussion
A central result of this analysis is that the diffusion coefficients found for misfolding transitions are significantly lower than the values found previously for unfolded proteins and peptides, by four to five orders of magnitude (5-10). More importantly, diffusion during misfolding of PrP is also significantly slower than diffusion during native folding. We previously reconstructed the landscape for native folding of PrP from SMFS measurements and used it to derive D by an analysis similar to that described above (15) . For native folding, we found D = 1 × 10 6 ± 0.4 nm 2 /s, indicating that diffusion during misfolding is about 1,000-fold slower than in native folding of the same protein.
Changes in D are often interpreted as arising from changes in the friction experienced by the protein chain, because D = k B T/γ, where γ is the friction coefficient; γ may consist of friction from the viscous solvent or "internal" friction within the protein chain (53) . Because both native folding and misfolding of PrP were measured under identical solvent conditions, the change in D most likely arises from differences in internal friction. Such friction is often modeled as additional roughness in the energy landscape: assuming a random roughness distribution along the 1D landscape profile, D is reduced by a factor of exp[−(e/k B T) 2 ], where e is the rms roughness (54, 55) . The observed 1,000-fold reduction in D for misfolding compared with native folding would in this picture reflect an additional 3 k B T of roughness along the misfolding pathway.
Additional roughness like this indicates the presence of localized traps and barriers, presumably arising from a tendency to form many nonproductive or locally frustrated interactions while the protein is misfolding, interactions which, in contrast, are normally avoided during native folding. This picture agrees well with the notion that landscapes for native folding are expected to be smooth and minimally frustrated, owing to evolutionary selection for rapid, reliable folding into native structures, whereas the landscapes for proteins that are not subject to such evolutionary pressure are expected to exhibit more frustration, whether locally (resulting in higher roughness) or globally (resulting in a "flat" landscape that does not funnel the protein to a native, minimum-energy state) (56) . Random-sequence polypeptides and artificially designed proteins have indeed been found both by experiment (57) and simulation (58) to exhibit a greater prevalence of mutually exclusive competing interactions frustrating the folding, compared with naturally evolved natively folded proteins. It has generally been presumed that nonnative structure formation also involves unusually rough landscapes (21) , owing similarly to the lack of selective pressure to reduce frustration, but until now this picture has not been verified experimentally by quantifying the difference in roughness between misfolding and native folding for the same protein.
We note that our analysis is based implicitly on Kramers' widely used theory of diffusive barrier crossing, wherein the diffusion coefficient is approximated as constant (2, 59) . In fact, owing to the effects of projecting the full multidimensional energy landscape onto a one-dimensional reaction coordinate, in theory D is expected to vary with position (59) (60) (61) . Although the position dependence of D is challenging to measure experimentally, current evidence suggests that the variation in D is less than an order of magnitude (6, 62, 63) , far too small to account for the large difference between native and misfolded PrP. To verify that the constant-D approximation was indeed reasonable, we examined the average transit time, τ tp , required to cross the barrier during the misfolding: τ tp is a sensitive probe of D that is, in contrast, insensitive to the barrier height, and moreover can be measured directly without assumptions about the form of D (11, 17) .
The I D 1↔U transition was measured in equilibrium using a passive force clamp (64) to keep the force near F 1/2 , and segments of the trajectory containing the transitions between I D 1 and U were extracted similarly to previous work (27) on transitions during native folding of PrP (Fig. 5A) . The transition time was measured directly from the trajectory segments, as the time required to traverse the middle half of the distance between I D 1 and U (Fig. 5B) . Whereas τ tp was found from energy landscape analysis of native folding to be 2 μs, faster than the 50-μs time resolution of the instrument (13, 15) , the I D 1↔U transition time was much slower, with many transitions occurring on the millisecond timescale-slow enough that individual transition paths themselves could be clearly resolved (Fig. 5 B and C) . Averaging over 1,500 transitions, we found τ tp = 0.5 ± 0.1 ms for unfolding and 0.5 ± 0.1 ms for refolding, roughly 300 times longer than for native folding and thus reflecting an orders-of-magnitude increase in D. For comparison, the value for τ tp can be predicted from the result for D using Eq. S5, assuming a harmonic barrier with constant D. The result, τ tp = 1 × 10 0 ± 0.3 ms, is fully consistent with the directly measured value, confirming the robustness of the landscape analysis above.
Looking beyond the diffusion coefficient, analysis of the misfolding pathway revealed several exceptional features that contrast PrP with other proteins studied to date. Surprisingly, PrP dimers misfolded remarkably easily, invariably following a single pathway leading to the same state. Such homogeneous misfolding contrasts sharply with the heterogeneity seen in SMFS studies of dimers of other aggregation-prone proteins, such as α-synuclein (39) and Aβ (65) . The high rate of misfolding also differs starkly from most previous single-molecule studies of tandem-repeat proteins, where misfolding-if it was observed at all-occurred at much lower levels, for example, 2-5% of the time for titin I27 domain repeats (66, 67) , 4% for tenascin FN III repeats (67), 3-8% for spectrin repeats (68) , and 15-30% for α-synuclein repeats (39) . Another key difference from these other proteins, as well as from monomeric PrP (27) , concerns the stability of the misfolded states: Whereas in previous studies the misfolded states were only metastable, eventually converting back to the native structure [whether rapidly (27) or slowly (66, 67) ], our results show the misfolded PrP dimer to be thermodynamically stable (24 ± 2 kcal/mol for M D versus 11 ± 1 kcal/mol per native monomer). These features suggest that PrP may be particularly predisposed to conversion into specific misfolded structures through intermolecular interactions. Indeed, PrP dimer misfolding looks remarkably like the native folding of a protein that has evolved to have a well-funneled, minimally frustrated landscape (56) , without the heterogeneous pathways expected for aggregation (21) . The primary sign that nonnative interactions are involved is the strikingly slow diffusion coefficient. We note that the stability of M D cannot alone explain the exclusively misfolded behavior, because the small energy difference between M D and PrP C (∼2 kcal/mol) should lead to an equilibrium PrP C population of ∼4% in the dimer. Hence, there must also be some kinetic selection for misfolding. This observation suggests a mechanism for the misfolding: The intermediate I D 1, which forms at a higher force than does PrP C , prevents the formation of PrP C in either domain, thereby promoting misfolding. Indeed, because I D 1 does not form in monomeric PrP (27) , it must involve interactions between C-terminal residues in one domain of the dimer and N-terminal residues of the other (Fig. S5) , which then form an interdomain nucleus for the misfolding. From the 15-nm contour length change upon unfolding, we estimate that I D 1 consists of ∼50 aa. It thus almost certainly encompasses the region spanning the link between the two domains (i.e., the Cterminal residues of the first domain and the N-terminal residues of the second domain).
Finally, it is interesting to speculate as to the structure of the misfolded dimer. CD spectra revealed a substantial conversion from primarily helices in the monomer (Fig. S6, black) to primarily β-strands in the dimer (Fig. S6, red) . Conversion to a soluble, β-rich form, induced by low pH and/or mildly denaturing conditions, has been studied previously as a potential intermediate step in PrP Sc formation (69, 70) . Here, however, low pH is not required: β-rich structures are seen both at pH 4 and neutral pH. At the ensemble level, the PrP dimer forms an oligomer that rapidly precipitates under conditions of pH and ionic strength like those used during the SMFS measurements, similar to previous reports (41) . It is possible that the individual misfolded dimers undergo additional restructuring upon oligomerization; nevertheless, the single-molecule misfolded form is likely rich in β-strands, serving as the precursor to the bulk oligomers. The low dimer helical content is consistent with models of PrP aggregates (33) in which the helical C terminus of PrP C is converted to β-strands-in contrast to those positing the retention of significant C-terminal helical content-as well as with single-molecule fluorescence results finding β-rich dimers as the first step in PrP aggregation (30) . Suggestively, PrP dimers were proposed to play a role in the conversion of PrP C to PrP Sc (37) and synthetic dimers have been shown to be neurotoxic both in culture and in mouse models (41) . Synthetic dimers have also been used effectively as immunogens to elicit antiprion antibodies to reduce PrP Sc formation (71) . However, the relevance of the species observed at the single-molecule level to disease remains to be established in future work.
Despite the complexity of protein misfolding and aggregation, these results show that the energy landscape can be resolved in the single-molecule limit and used to probe crucial properties such as the diffusion coefficient setting the timescale for microscopic motions. This work opens the possibility of investigating the fundamental biophysical factors driving structural outcomes in misfolding and aggregation.
Methods
Sample Preparation. Dimers of Syrian hamster PrP(91-231) were made either by linking PrP monomers via disulfide bonds between cysteine residues engineered at the termini or by recombinant expression of a single tandem-repeat gene. See SI Methods for complete details.
FEC Measurements and Analysis. FECs were measured with dual-trap optical tweezers as described (15, 27) . ΔL c values were found by fitting the different branches of the FECs to extensible WLC models (Eq. S1) for the DNA handles and unfolded protein (27) . The shoulder feature at low force was fit using a model of the average extension and force expected in the case of rapid, equilibrated transitions assuming two-state behavior (Eq. S2). Unfolding-force histograms were converted into force-dependent rates and fit using Eq. S3, yielding the unfolding rate at zero force, k 0 , the distance to the transition state from the folded state, Δx ‡ , and the energy barrier height, ΔG ‡ (51). See SI Methods for complete details.
Energy Landscape Parameters. ΔG between U, I D 1, I D 2, and I D 3 was found from the unfolding forces and extension changes during the quasi-equilibrium transitions: ΔG = Δx(F 1/2 )·F 1/2 − ΔG stretch , where ΔG stretch is the energy for stretching the unfolded protein to F 1/2 , found by integrating the WLC model for the protein alone. ΔG between M D and I D 3 was found from the ratio of the state occupancies at long delay times: ΔG = k B Tln(M D /I D 3). ΔG total for complete unfolding was also found from the Jarzynski equality: ΔG total = −k B Tln〈exp (−W/k B T)〉− ΔG stretch , where W is the irreversible work done to unfold the entire protein found by integrating the FECs, ΔG stretch is the reversible stretching energy of the handles and unfolded protein, and the finite sampling bias was corrected (72) . Barrier heights and positions were found from the kinetic fits described above. The combination of methods used to reconstruct the energy landscape is illustrated in Fig. S7 .
Diffusion Coefficient. D was found for each barrier by fitting the forcedependent rates to Eq. S4. See SI Methods for complete details.
